All grades (top panel). Grade 3/4 toxicities only (bottom panel). Stated frequencies represent the range of reported toxicity in large clinical trials
degree of mutational load than with the specific mechanism of oncogenic transformation (18, 19) . Because the immune system is itself adaptive, tumors may have more difficulty mutating to avoid an ongoing immune assault than to resist other targeted therapies or chemotherapy. Consequently, while patients who do not respond to immune therapy typically show survival similar to untreated patients, those who do respond have a higher likelihood of achieving long-term remissions than do patients treated with other modalities (2, 11) . Thus, the median survival on immune therapy often underrepresents the impact of treatment, with the proportion of long-term survivors better reflecting the clinical importance of these drugs (2, 11) . Although most cancer patients do not respond to current immune therapies, a plethora of antibodies are in development that target other innate and adaptive immune regulatory receptors such TIM-3, LAG3, TIGIT, and CD47, as well as activating antibodies to T cell co-stimulatory proteins (e.g., OX40, CD137) (2). In addition, novel immune adjuvants, co-stimulatory small molecules, inhibitors of immunosuppressive pathways, cancer vaccines, and cellular therapies among others are being used alone or in combination with approved immune therapies to expand the range of patients who can benefit from these treatments (2, 20) . Despite the immense promise of immune therapy for cancer, all of these treatments are to some extent limited by immune-related adverse events (irAEs), and effective management strategies for these toxicities will play an important role in enabling immune therapy to reach its full clinical potential (3-7, 9, 21, 22) .
iMMUNe-MeDiaTeD aDveRSe eveNTS
Toxicities related to the immune system are common in patients treated with checkpoint blockade and can affect every organ system of the body, with the severity and spectrum of organ system involvement dependent on the specific pathway targeted ( Table 1) (3-7, 9, 21-28) . CTLA-4 blockade by ipilimumab is considerably more toxic than any of the currently approved antibodies to PD-1 or PD-L1 (3-7, 9, 21-28) . High-dose ipilimumab used as adjuvant therapy for melanoma, and combination therapy with anti-PD-1 antibodies increases the spectrum and severity of toxicity (3, 21, 29) . While the expanded use of anti-PD-1 antibodies reduces the likelihood of toxicities in an individual patient, the growing number of patients under treatment has increased the prevalence of these toxicities. In addition, many exploratory immune therapies involve combination treatments that simultaneously target more than one regulatory pathway, which is likely to substantially increase the frequency of severe toxicities (2) .
The cellular and molecular mechanisms of effective antitumor responses enhanced by checkpoint blockade are beginning to be understood, as are the common resistance pathways (30) (31) (32) (33) . The mechanisms of toxicity are comparatively poorly worked out, and represent an important area for further research both for our basic understanding of immune regulation and to improve the quality of cancer care. The spectrum of toxicities observed with checkpoint blockade provides insights into the principal functions of these pathways in humans. Much like knockout experiments in preclinical model organisms (34) , by inhibiting CTLA-4 and observing colitis, we learn that CTLA-4 plays an important role in the regulation of gut homeostasis. Similarly, when PD-1 blockade induces hepatitis or pneumonitis, we learn that the PD-1 pathway inhibits the responses of activated T cells in part to prevent autoimmune destruction of these critical organs.
By delving into the cellular and molecular details of the inflammatory responses induced by checkpoint blockade, we stand to gain substantial insights into the spontaneous autoimmune diseases that resemble these adverse events (e.g., ulcerative colitis or autoimmune hepatitis). Such an analysis has the potential to revealing critical steps in autoimmune disease onset, which could be used to develop novel early diagnostics, preventative measures, or novel treatment strategies.
Despite substantial overlap, that CTLA-4 and PD-1/PD-L1 blockade differ in the spectrum of organs involved by immune toxicities implies differences in the biology of these regulatory pathways and the factors that govern their use. Patients treated with combination CTLA-4 and PD-1 blockade develop more frequent and severe toxicities characteristic of both single agents, but do not appear to develop any irAEs that are unique to combination therapy (35) . This provides further evidence that these mechanistically distinct regulatory pathways do not substitute for each other in regulating peripheral tolerance. Although mice and humans deficient in CTLA-4 develop a severe autoimmune syndrome that resembles some aspects of ipilimumab toxicity (34, (36) (37) (38) , mice deficient in PD-1 or PD-L1 are relatively healthy, mirroring the differences in the severity of toxicities produced by targeting each pathway (39, 40). Intriguingly, mice treated with antibodies to CTLA-4, PD-1, and/or PD-L1 develop no significant toxicities, limiting their utility for understanding irAEs in patients, and emphasizing the importance of studying human samples if we are to develop a full pictures of irAEs (41, 42) .
BalaNCiNG iraes wiTH THe aNTiTUMOR ReSPONSe
A more nuanced view of immune-related toxicities also has the potential to have a significant impact on patient care. Presently, a substantial fraction of patients on checkpoint blockade develop grade 3/4 toxicities that lead to discontinuation of treatment, and in many cases necessitate initiation of high-potency systemic corticosteroids (3-7, 9, 21-28) . Even in patients who develop grade 1 and grade 2 toxicities, therapeutic interruptions and treatment with local or systemic corticosteroids is fairly common. Although not formally demonstrated, it is likely that corticosteroids inhibit at least some elements of effective antitumor responses (43) (44) (45) . Patients who develop severe toxicities that require high-dose corticosteroids for treatment do not appear to have a lower overall survival than those who do not develop these toxicities, and in fact trend toward increased survival; however, whether overall survival could be further improved by corticosteroid-sparing treatment strategies is presently unknown (43) (44) (45) . Although some patients clearly do maintain productive antitumor responses despite systemic corticosteroids, corticosteroids may well limit ongoing productive antitumor immunity, preventing optimal responses to therapy. Indeed, the frequent use of systemic corticosteroids to treat toxicities may explain why combination therapy targeting CTLA-4 and PD-1 has a higher overall response rate in melanoma but does not appear to induce a substantial improvement in overall survival (3).
The goal of treatment for irAEs should be to preserve or replace organ function while minimizing the degree of systemic immune suppression, and if possible enabling ongoing antitumor therapy. For some organs such as the pituitary or thyroid, replacement is relatively straightforward, while inflammation targeting the heart or lungs requires some measure of immune suppression. The specific cellular and molecular immune mechanisms underlying toxicity are unlikely to precisely match those that cause tumor rejection. These differences may relate to particular immune cell subsets, or organ-specific homing signals (chemokines, integrins). For example, interferon-γ is likely a key player in tumor rejection, while evidence suggests that tumor necrosis factor (TNF)-α is of primary importance in the pathogenesis of ipilimumabinduced colitis (31, 46, 47) . TNF-α may be entirely dispensable for the antitumor effect in most cases, making TNF-α a potential toxicity-specific target (47) . By characterizing the differences between the antitumor response and the inflammatory toxicities, we should be able to identify new therapeutic targets that can preferentially inhibit toxicities while preserving the response to the tumor. Doubtlessly, almost any immune suppression will have less of a general effect than systemic corticosteroids.
GaSTROiNTeSTiNal (Gi) TOXiCiTieS OF CHeCKPOiNT BlOCKaDe
To some extent, the organs targeted in irAEs make conceptual sense. The most common toxicities occur at barriers, where the immune system interacts with the outside world, including the skin, GI mucosa and liver, and lungs ( Table 1) . Endocrine organs with tissue-specific protein production such as the pituitary, thyroid, and pancreas are also targeted in a subset of patients, and similar toxicities are well described in many genetic defects of immune regulation (36-38, 48, 49) . The GI toxicities of checkpoint blockade represent an excellent model for developing a framework to understand checkpoint blockade toxicities more generally.
The GI mucosa is arguably the most complex barrier in the body, host to a diverse commensal microflora and constantly challenged by ingested foreign proteins both of which must be tolerated (50, 51) . At the same time the GI mucosa is charged with defending against pathogenic microorganisms and enabling sufficient permeability to absorb nutrients (50, 51) . That this barrier requires effective immune control is expected, with disruption of the normal mechanisms of immune regulation likely to interfere with the subtle distinction between tolerated normal microflora or food, and dangerous invading pathogens.
CTLA-4 appears to play a more central role in gut homeostasis than do either PD-1 or PD-L1. Mild colitis is common in patients on ipilimumab, with diarrhea affecting nearly half of the patients on high dose or combination therapy (3) (4) (5) 29) . Severe colonic inflammation (colitis) is less frequent, but still occurs in a substantial fraction of patients, and can be life-threatening (3) (4) (5) 29) . Ipilimumab-induced (checkpoint) colitis most closely resembles pan-colonic ulcerative colitis, a subset of "sporadic" inflammatory bowel disease (IBD), with continuous inflammation from the anus to the cecum (Figure 1) . This inflammation is characterized by edema, erythema, and friability, with diffuse shallow ulcerations occurring in the most severe cases. Segmental disease with deep ulcerations, as found in Crohn's disease, the other major subset of sporadic IBD, is much less common (Figure 2 ) (52). Fistulas and strictures, also characteristic of Crohn's disease, do not appear to occur. Although most patients develop colitis, approximately a quarter of patients with colonic involvement also have diffuse inflammation in the small intestines (enteritis) (46) . This can lead to disproportionate diarrhea, and is a distinction from sporadic IBD, where ulcerative colitis is exclusively confined to the colon, and where, in Crohn's disease, continuous inflammation from the small bowel through the colon is extremely rare. In patients with diffuse enteritis (or enterocolitis), the clinical presentation more closely resembles a severe infectious enterocolitis. Histopathologically, ipilimumab-induced colitis (as well as enteritis) has a high proportion of lymphocytes and increased numbers of apoptotic epithelial cells; granulomas are rare, as are chronic changes to the epithelial architecture (52) . This contrasts to patients with clinically active (flaring) IBD, who exhibit frequent acute neutrophilic infiltrates and have a high prevalence of chronic changes to the epithelial structure. Understanding the mechanistic basis for the distinctions between sporadic IBD and checkpoint colitis may provide important insights into the pathophysiology of IBD. PD-1/PD-L1 blockade induces small intestinal and colonic inflammation that is clinically distinct from the colitis induced by ipilimumab. A relatively high frequency of patients treated with PD-1/PD-L1 blockade develop low-grade diarrhea, but this rarely progresses to severe colitis (3, 7, 9, 26, 28, 53) (Figure 3) .
In many cases, pathophysiologically, this low-grade diarrhea represents either isolated enteritis, or colitis that appears normal on endoscopy, and on biopsy resembles lymphocytic (or microscopic) colitis (Figure 3) . Although severe colonic inflammation is much less common with PD-1/PD-L1 blockade than it is with ipilimumab, inflammation of the lungs (pneumonitis) is more strongly associated with inhibition of the PD-1/PD-L1 pathway, emphasizing the different regulatory roles of these receptors within distinct tissues ( Table 1) .
In addition to the relatively common enterocolitis and inflammation of the liver (hepatitis), isolated cases of symptomatic and asymptomatic pancreatitis, gastritis, and Celiac disease have been reported with checkpoint blockade (54) (55) (56) (Figure 4) . Intriguingly, food allergies have not been observed to arise or worsen during treatment with either class of checkpoint blockade. This finding suggests that neither CTLA-4 nor PD-1/PD-L1 plays a substantial role in the regulation of oral tolerance to food antigens in humans (55) .
MaNaGeMeNT OF CHeCKPOiNT BlOCKaDe COliTiS
Prompt diagnosis is the most critical aspect of management for checkpoint blockade colitis. When recognized and treated early, severe complications are rare. With appropriate clinical suspicion, most treatment algorithms recommend diagnosis of grade 1 and 2 toxicities based on history after infectious colitis has been excluded (57, 58) . Statistics on the relative risk of infectious colitis in this population are not presently available. Testing for C. difficile colitis using an antigen-based assay is a reasonable addition to standard stool cultures, given the exposure to a healthcare setting. PCR based tests for C. Difficile are too sensitive, and may lead to misdiagnosis of patients who are colonized with C. difficile but who do not have active infection. Testing for parasitic infections should be based on physician-determined pre-test risk, reflecting prevalence of these infections in the surrounding population as well as travel history.
Colitis most frequently occurs between the second and third ipilimumab dose, though it can occur at any point during treatment. Colitis from PD-1/PD-L1 is less predictable, and while early occurrence can happen, many patients present months or even years into therapy (58) . Presentation of enterocolitis is typically increased frequency of loose/watery stools, urgency, and cramping. Abdominal pain is usually modest, and bloody stools and nocturnal symptoms are rare. In patients with involvement of the upper GI tract (stomach, small intestines), nausea, vomiting, early satiety, and bloating can also be prominent symptoms.
Cross-sectional imaging (generally computed tomography) is unnecessary in grade 1 and 2 disease, but can be used to suggest the diagnosis in most patients with symptoms of more severe grade 3/4 colitis, although there are no characteristic imaging findings of checkpoint colitis (59) . Cross-sectional imaging should be strongly considered in any patient with fever or severe pain to exclude perforation or abscess. Endoscopic evaluation with biopsies is the gold standard for diagnosis and has the advantage of providing information on the mucosal severity and extent of disease, which can be used to guide decisions about continuation of immune therapy. Biopsy also has the advantage of distinguishing checkpoint colitis from less common causes of diarrhea in these patients, such as infection with cytomegalovirus (CMV). The decision to confirm the diagnosis endoscopically prior to treatment should be based, in part, on the availability of these diagnostics, as well as clinical suspicion for alternative etiologies, and the likelihood that treatment decisions will be made based on the severity of endoscopic involvement. The type of endoscopy performed should be tailored to the symptoms of the patient. In general, a flexible sigmoidoscopy is sufficient to provide diagnostic information in approximately 95% of patients with suspected ipilimumab colitis, although whether this is true for PD-1/PD-L1 blockade colitis is not yet clear, particularly given the occurrence of isolated enteritis in these patients (52) .
Once diagnosed, therapy is dependent on grade. Grade 1 and most grade 2 enterocolitis can be managed symptomatically with loperamide or diphenoxylate/atropine, and potentially with treatment delay (58) . Persistent grade 2 enterocolitis, and nearly all grade 3/4 enterocolitis will typically require management with systemic corticosteroids (44, 57, 58) . In patients with microscopic colitis, regardless of the severity of the diarrhea, local treatment with budesonide is a reasonable alternative. For grade 3/4 enterocolitis, discontinuation of treatment is recommended in addition to initiation of systemic corticosteroids (58); the distinction between intravenous (IV) and oral corticosteroids should be made based on the overall stability of the patient, but a single dose of IV corticosteroids delivered in an infusion clinic prior to starting oral corticosteroids may help patients avoid hospitalization.
Corticosteroids should generally be tapered over a period of 1-2 months depending on the severity of the disease (58) .
Although most patients respond to corticosteroids, corticosteroid refractory patients, and patients with recurrence during corticosteroid taper make up about a third of colitis cases, and may require alternative treatments (46, 58) . The best-studied alternative to corticosteroids is the anti-TNF-α antibody infliximab, which has been used in a few small case series and several clinical trials, and typically resolves inflammation within 1-3 doses (46, 58) . Symptom resolution with infliximab is usually within days to a few weeks. Prior to initiation of infliximab, diagnosis should be confirmed endoscopically, and patients should be confirmed to be uninfected by Hepatitis B and Mycobacterium tuberculosis. Infliximab is used to treat patients with ulcerative colitis as well as Crohn's disease, and is active in a number of rheumatologic syndromes. The fact that infliximab leads to rapid improvement in the majority of treated patients strongly suggests that TNF-α-mediated inflammation plays a central role in checkpoint enterocolitis. A single retrospective study found a slight increase in melanoma risk in patients treated with anti-TNF-α therapy for IBD, although no such relationship was found in larger series that have pooled patients receiving anti-TNF-α therapy for a variety of indications (60, 61) . Although this provides some circumstantial evidence that infliximab may not be optimal for patients receiving immunotherapy for melanoma, TNF-α signaling has not been implicated in detailed assessments of correlates of effective antitumor responses to checkpoint blockade, nor has downstream TNF-α signaling been implicated in resistance to therapy (30) (31) (32) (33) . Furthermore, a retrospective analysis of patients receiving anti-TNF-α treatment for checkpoint enterocolitis showed a trend toward improved outcomes (47) . Taken together, these preliminary findings provide a strong rationale for the safety of TNF-α blockade in patients receiving immunotherapy, suggesting that TNF-α does not play an important role in effective antitumor responses induced by checkpoint blockade, and may even indicate a therapeutic benefit.
Infrequently, patients with enterocolitis from ipilimumab or PD-1/PD-L1 blockade develop disease that is refractory to both corticosteroids and infliximab. Although the predictors of unresponsiveness to corticosteroids and infliximab have not been rigorously defined, some of these patients have underlying IBD. Immunotherapy can be used safely in patients with quiescent IBD, though when these patients develop colitis it is often difficult to manage (62) ; treatment of patients with active IBD with immunotherapy should be avoided. In any patient who fails corticosteroids and infliximab regardless of underlying predispositions, colonic infections such as CMV should be excluded endoscopically. If persistent inflammation is confirmed, and infections are excluded, other treatments derived from the experience with IBD can be considered.
The α4β7 gut homing integrin inhibitor, vedolizumab, has been reported to be effective in a small number of patients, although the time to response was quite slow (58, 63) . Ustekinumab, a monoclonal antibody against IL-23p40, is another reasonable alternative, though this has not been directly studied as a treatment for colitis from checkpoint blockade (64) . The Janus kinase inhibitor tofacitinib is effective in Rheumatoid arthritis and has promising efficacy in ulcerative colitis (65) . Mycophenolate mofetil, and tacrolimus are other reasonable considerations, and for less severe disease, both azathioprine and low dose methotrexate should be considered. Switching to alternative anti-TNF-α therapies such as golimumab, adalimumab, and certolizumab pegol may be effective. Fecal microbiota transplant is an investigational approach that may have promise as well, though presently very little is known about the microbial features of this syndrome (66) . As a treatment of last resort, total parental nutrition may be effective, and colectomy can be used for patients whose disease is isolated to the colon.
CONClUSiON
Effective management of irAEs will require a detailed understanding of the molecular and cellular pathways involved in the toxicity. This mechanistic understanding will be particularly important in the setting of combination immunotherapy, which is likely to be the forefront of treatment in the future. Research efforts should focus on identifying distinct cells types, critical signaling cascades, and/or cytokines/chemokines involves in propagating or initiating toxicity. Through these mechanistic efforts, we can hope to identify novel diagnostics, either for identifying high-risk patients or for detecting toxicities before they begin to alter organ function. In addition, a better understanding of mechanism should enable identification of therapeutic strategies that could shut down organ-specific inflammation, while preserving the critical elements of the antitumor response. Infliximab may well be such a therapeutic approach for colitis, although this remains to be more rigorously established. Blockade of gut homing integrins represents another attractive therapeutic strategy. The antibody vedolizumab, which binds to the gut homing integrin α4β7 is effective in IBD, and may be able to prevent entry of immune cells into the colon in checkpoint colitis without altering trafficking into the tumor. Doubtlessly, similar strategies are yet to be identified for colitis, as well as the many other organ-specific inflammatory diseases induced by CTLA-4 and PD-1/PD-L1 targeted therapies. The effort to uncover these mechanisms may yield additional valuable insights into the etiology and pathogenesis of sporadic autoimmune diseases. By studying patients whose disease has a known cause, time of onset, and duration, we are likely to be able to distinguish primary events from secondary consequences. From there, we can begin to unravel some of the complexity of autoimmunity with implications for management of these diseases and for our basic understanding of immune regulation.
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